The somatostatins are peptides of 14 and 28 anmno acids that are produced in a variety of endocrine and noneudecrine tissues. These peptides inhibit the secretion of many different pituitary, pancreatic, and gastrointestinal hormones. Previously, we have reported the isolation and nucleotide sequence of a cDNA derived from a rat medullary thyroid carcinoma that encoded preprosomatostatin, a 116-amino-acid precursor of somatostatin. We now report the structural characterization of the rat somatostatin gene isolated from recombinant bacteriophage libraries prepared from rat liver DNA.
mones. Previously, we have reported the isolation and nucleotide sequence of a cDNA derived from a rat medullary thyroid carcinoma that encoded preprosomatostatin, a 116-amino-acid precursor of somatostatin. We now report the structural characterization of the rat somatostatin gene isolated from recombinant bacteriophage libraries prepared from rat liver DNA. The gene spans 1.2 kilobases and is interrupted within the coding sequence of prosomatostatin by a single intron of 630 bases. A sequence characteristic of a Goldberg-Hogness promoter i("TATA" box), T-T-T-A-A-A-A, is located 31 bases upstream from the transcriptional initiation site. A repetitive DNA sequence, highly reiterated in the rat genome, is located in the 5' flanking region of the gene within 900 bases of the initiation site.
The somatostatins are peptides of 14 and 28 amino acids that are produced in a variety of endocrine and nonendocrine tissues, including the hypothalamus, cerebral cortex, pancreas, stomach, and duodenum (1, 2) . Both somatostatin-28 and -14 are biologically active, but tissues vary in their ability to generate one or the other peptide (3, 4) . The major actions of somatostatin-28 and -14 are the inhibition of secretion of a variety of peptide hormones, including growth hormone, thyrotropin, glucagon, and insulin (5) . The rat somatostatin gene encodes preprosomatostatin, a precursor of 116 amino acids that is processed cotranslationally within the endoplasmic reticulum to yield prosomatostatin, a peptide of 92 amino acids (6) . Prosomatostatin is subsequently cleaved posttranslationally to produce somatostatin-28 and somatostatin-14, peptides that correspond to the carboxyl-terminal 28 and 14 amino acids of prosomatostatin. Other peptides generated from prosomatostatin include a peptide corresponding to the amino-terminal 12 amino acids of somatostatin-28 and peptides containing sequences within the amino-terminal extension of prosomatostatin (7, 8) . The biological function of these peptides is unknown, but the high degree of conservation of their amino acid sequences within different species (6, 9, 10) and their transport to and localization within nerve endings (7) suggest that they may also serve some biological function.
To facilitate the identification of factors that regulate somatostatin gene expression and post-translational processing, it is useful to elucidate the structure of the somatostatin gene. Towards this end, we have isolated and structurally characterized cloned genomic sequences that contain the rat somatostatin gene. (12) were screened by the method of Benton and Davis (13) .
METHODS AND MATERIALS
Individual hybridizing plaques were purified, the bacteriophage clones were grown, and phage DNA was isolated as described by Blattner et al. (14) .
Subcloning. DNA fragments to be subcloned were ligated to pBR322 by using T4 DNA ligase (Boehringer). The ligated products were used to transform Escherichia coli strain C600. Recombinant colonies were grown on agar plates supplemented with the appropriate antibiotics and screened with 32P-labeled DNA fragments (15) . Hybridizing colonies were picked and grown as described (6) .
Southern Blot Analysis. Genomic DNA prepared from a single rat spleen (16) was digested with various restriction endonucleases. The DNA digests were electrophoresed on 0.8% agarose gels at 30 V overnight, transferred to nitrocellulose filters, and hybridized with 32P-labeled nick-translated cDNA probes according to the method of Southern (17) .
Mapping mRNA 5' Termini. RNA was isolated from rat medullary thyroid carcinoma tissue as described by Chirgwin et al. (18) . RNA preparations were enriched for the polyadenylylated fraction by passage through an oligo(dT)-cellulose column. S1 nuclease mapping (19) was performed with the subclone RSTs-1 (Fig. 1) . The plasmid was digested with the restriction enzyme BssH2 and exchange-labeled by using polynucleotide kinase. The labeled probe was denatured and added to the RNA, and the mixture was allowed to hybridize overnight in 80% formamide at 570C. Digestions were performed with 55 units of S1 nuclease (Boehringer) for 40 min at 30'C. The digestion products were analyzed on an 8% denaturing polyacrylamide gel along with a sequencing ladder to determine the length of the S1 nuclease-protected fragment.
Sequence Determination. Nucleotide sequence was determined according to the method of Maxam and Gilbert (20) . Restriction fragments were labeled at their 5' termini by using T4 polynucleotide kinase (Bethesda Research Laboratories) and at their 3' termini with the large fragment (Klenow) of DNA polymerase I (Boehringer).
Mapping Repetitive DNA Sequences. Three methods were used to identify middle repetitive sequences flanking the rat somatostatin gene. Initially, total rat genomic DNA, sheared by sonication to an average size of 1 kilobase, was nicktranslated and hybridized to Southern blots of the rat somatostatin genomic clone cut with various restriction enzymes. Somatostatin gene fragments, which were identified as containing repetitive sequences by the above procedures, were nick-translated and hybridized to Southern blots of total genomic DNA cut with various restriction enzymes. Finally,
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. these nick-translated fragments were hybridized to recombinant phage plaques containing rat genomic fragments (13) . In this way, a rough estimate of the frequency of this repetitive element was obtained by determining the proportion of hybridizing bacteriophage plaques.
RESULTS
Isolation and Sequence Determination of the Rat Somatostatin Gene. The rat preprosomatostatin cDNA (6) was used as a labeled hybridization probe to screen two genomic libraries cloned in Charon 4A bacteriophages. The first library, prepared from a partial EcoRI digest of rat liver genomic DNA (12) , contained a recombinant bacteriophage that represented the 5' exon of the rat somatostatin gene and extended 15 kilobases in the 5' direction. A second recombinant bacteriophage, isolated from the partial Hae III rat genomic library (12) , contained preprosomatostatin gene sequences that overlapped with those in the first bacteriophage and extended 10 kilobases in the 3' direction. The restriction map of this 25-kilobase region indicated that the somatostatin gene is encompassed by two EcoRI fragments of 4.6 kilobases and 9.7 kilobases, which represent the 5' and 3' regions of the gene, respectively (Fig. 1) . Analysis by Southern blotting of rat spleen genomic DNA revealed hybridizing fragments identical to those obtained from digests of the two recombinant bacteriophages (Fig. 2 and unpublished data) . This result indicates that the bacteriophage libraries used contain an accurate representation of the somatostatin gene. Genomic blots probed with the 5' and 3' fragments of the somatostatin cDNA revealed two hybridizing bands, most consistent with the existence of a single somatostatin gene in the rat. Additional bands were seen on long exposures of the blots, however, raising the possibility of multiple somatostatin-related genomic sequences.
The two hybridizing EcoRI fragments isolated from the bacteriophage clones were subcloned into the plasmid pBR322 (Fig. 1) . Restriction fragments were labeled either at the 3' ends with the large fragment of DNA polymerase I or at the 5' ends with polynucleotide kinase and were sequenced by the method of Maxam and Gilbert (20) . Comparison of the nucleotide sequences of the subclones with that of the cDNA encoding rat preprosomatostatin revealed a single intron of 630 bases. This intervening sequence interrupts the coding region of preprosomatostatin within the amino-terminal peptide extension of somatostatin-28 (Fig. 3) . Characteristic G-T/A-G donor-acceptor sites are present at the ends of the intervening sequence. The sequence of the preprosomatostatin coding region in the genomic subclones is identical to that of the cDNAs that have been sequenced (6, 9) . The genomic clone and the cDNA were found to differ by two bases within the 3' untranslated region.
Determination of the Transcriptional Initiation Site. The point of initiation of transcription was localized by S1 nucle- pro glu asp leu pro gin ala ale glu gin asp glu met erg leu glu leu gin argiser CCT GAG GAT TTC CCC CAG GCA GCT GAG CAG GAC GAG ATG AGG CTG GAG CTG CAG AGG TCT ase mapping (19) . Polyadenylylated RNA from a rat medullary thyroid carcinoma that produced somatostatin (21) was hybridized to a fragment of the recombinant bacteriophage representing the 5' region of the gene. Subsequently, the hybrids were digested with S1 nuclease (19) . The length of the nuclease-resistant fragment was determined by electrophoresis of the digest on an 8% sequencing gel (Fig. 4) . A single band was observed that corresponded to a DNA fragment of 184 bases in length. This finding placed the site of the initiation of transcription at 102 bases upstream from the initiator methionine codon. Thirty-one bases upstream from this initiation site lies an A+T-rich sequence, T-T-T-A-A-A-A-A, surrounded by a G+C-rich sequence. This A+T-rich sequence is likely to represent the Goldberg-Hogness promoter ("TATA" box).
Repetitive DNA Sequences. DNA isolated from the bacteriophage clones was digested with EcoRI, transferred to nitrocellulose, and probed with nick-translated rat genomic DNA. These blots revealed a 4.7-kb hybridizing fragment identical to that which hybridized to the 5' portion of the somatostatin cDNA probe. A similar experiment carried out with a HindIII-EcoRI fragment of one of the subclones lo- 4 . Localization of the transcriptional initiation site of the rat preprosomatostatin gene by S1 nuclease mapping of a DNA-RNA hybrid. mRNA prepared from a rat medullary thyroid carcinoma was hybridized to a 5' end-labeled BssH2 fragment of subclone RSTs-1. The hybrid was digested with S1 nuclease, and the products were analyzed on an 8% polyacrylamide/urea gel (lane labeled S-1) along with cytosine (C), guanine (G), and thymidine (T) sequencing of ladders prepared from a cDNA fragment encoding the a subunit of rat lutropin. of the plaques hybridized strongly to the HindIII-EcoRI fragment, placing a lower limit of 20,000 copies of the repetitive element per genome. When restriction digests of genomic DNA were analyzed by Southern blot hybridization with the HindIII-EcoRI fragment as a probe, a continuous smear of hybridization was observed. No repetitive elements were detected within the intevening sequence of the rat somatostatin gene.
DISCUSSION
Sequence determinations of bacteriophage Charon 4A clones encoding rat somatostatin revealed a gene of approximately 1.2 kilobases. Only the 5' portion of the somatostatin gene was represented in the partial EcoRI library (12) . This fragment encoded the 5' flanking region of the gene, the 5' untranslated region, the amino-terminal portion of preprosomatostatin, and a small portion of the intervening sequence (Fig. 1) . No sequences representing the 3' portion of the gene were detected in this library, despite the 10 genomeequivalents that were screened. The complete rat somatostatin gene, however, was represented in the partial Hae III library.
Characteristic features of the rat somatostatin gene included a variant TATA box or Goldberg-Hogness promoter, T-T-T-A-A-A-A-A, 31 bases upstream from the transcriptional initiation site. The unique band seen in the S1 nuclease experiment suggests that transcription of the gene occurs at a single site. The 5' untranslated region of the mRNA includes an open reading frame of 34 codons which are in phase with the coding region of preprosomatostatin. No AUG codons are present within the 5' untranslated region, however.
A single intervening sequence 630 bases in length was identified, separating the Gln-Glu codons at amino acid positions 46-47. The biological function of this region of preprosomatostatin is not known. Therefore, it is not possible to assess whether the intervening sequence actually separates functional domains within the precursor or merely separates the signal peptide from the somatostatin peptides. Preliminary studies with an antibody directed towards the middle of the prosomatostatin molecule (7) suggest that prosomatostatin may be cleaved at a site amino-terminal to the somatostatin-28 cleavage site (22) . Benoit et al., using an antiserum to somatostatin-14, also have found evidence suggestive of cleavage within the amino-terminal region of prosomatostatin (23) . The precise location of these additional cleavage sites, and consequently their relationships to the intervening sequence within preprosomatostatin, are unknown. The known cleavage sites, the Gly-Ala sequence separating the leader sequence from prosomatostatin (6), the Arg-Ser sequence separating the amino-terminal portion of prosomatostatin from somatostatin-28, and the Arg-Lys sequence separating somatostatin-14 from the amino-terminal portion of somatostatin-28 clearly are not sites that correspond to intervening sequences in the gene.
Southern blotting analysis was most consistent with the existence of a single gene encoding somatostatin in the rat. This observation is in contrast to the situation in lower species, such as fish, where at least two distinct somatostatin genes are present (24) . Noe and Spiess have presented evidence that the two anglerfish preprosomatostatins are processed differently to yield somatostatin-14 and a peptide similar in size to somatostatin-28 (25) . If 
